The gender-biased thymus involution and the importance of microRNAs (miRNAs, miRs) expression in modulating the thymus development have been reported in many studies. However, how males and females differ in so many ways in thymus involution remains unclear. To address this question, we investigated the miRNA expression profiles in both untreated 3-and 12-month-old female and male mice thymuses. The results showed that 7 and 18 miRNAs were defined as the sex-and age-specific miRNAs, respectively. The expression of miR-181c-5p, miR-20b-5p, miR-98b-5p, miR-329-3p, miR-341-5p, and miR-2137 showed significant age-difference in mice thymus by quantitative polymerase chain reaction. High expression levels of miR-2137 were detected in mice thymic epithelial cells and gradually increased during the process of thymus aging. MiR-27b-3p and miR378a-3p of the female-biased miRNAs were confirmed as the sex-and estrogen-responsive miRNAs in mice thymus in vivo. Their potential target genes and the pathway were identified by the online software. Possible regulation roles of sex-and age-specific miRNA expression during the process of thymus aging were discussed. Our results suggested that these miRNAs may be potential biomarkers for the study of sex-and age-specific thymus aging and involution.
Introduction
The thymus is a vital primary lymphoid organ for the proliferation, differentiation, and maturation of T cells [1] . Owing to the thymus involution and the reduction in immune function with advancing age, the direct consequence of age-associated thymic atrophy is the decreases in tissue size, cellularity, and naïve T-cell output [2] . However, the thymus regression shows not only age-dependent involution but also a sex-biased involution during the process of thymus aging. For example, Gui et al. [3] indicated that striking difference in thymic cellularity between the male and female thymus during involution occurs at the age of 3 months. Aspinall et al. [4] also reported that at 9 months of age, there was a significantly greater number of cells in the thymus of female mice than that in the thymus of male mice, and that great difference occurred mainly in the CD 4+ CD 8+ populations. It has also been shown that at the ages of 1.5, 3, 6, 9, and 19 months, the cellularity in various thymocyte subsets is significantly higher in females than in males in each age group [5] . All this indicated that the mice thymus involution has an obvious sexual dimorphism. It has been reported that the epigenetic mechanisms of gene regulation play a crucial role in thymus involution and atrophy. MicroRNAs (miRNAs) have been shown to be dysregulated during the process of thymus aging and have been demonstrated to play a crucial role in thymus involution [6, 7] . For example, the expressions of miR-181a-5p and miR-195a-5p in mice thymic epithelial cells (TECs) were involved in thymus aging and involution by directly targeting at transforming growth factor β receptor 1 (Tgfbr1) and Smad7 family member 7 (Smad7), respectively [8, 9] . Papadopoulou et al. [10] indicated that miR-29a cluster deficiency results in enhanced sensitivity of the TECs to poly(I:C) and premature chronic thymic involution. These data suggest that miRNAs expression plays an important role in regulating thymus involution.
Although the age-related miRNAs expression in mice thymus has been well demonstrated, the miRNAs expression associated with sex difference and their potential influence on the thymus development are still not clear. It has been demonstrated that miRNAs expression in immune cells results in different responses to immunological stimuli in males and females [11] , which indicates that the immune cells have a sex difference between males and females. Lustig et al. [12] also reported that there are substantial sex differences in thymus messenger RNA expression in C57BL/6 mice, indicating that the sex-specific miRNA expression in mice thymus may play an important role in the control of the sex-related thymus involution and atrophy. The aim of this study was to test this hypothesis by examining the different expressions of miRNAs in female and male mice thymus, which can further expand our understanding of thymus involution and atrophy under physiological conditions.
Materials and Methods

Animal tissues
Specific pathogen-free Balb/c mice (1, 3, 8, 12 , and 13 months old) were purchased from the Center of Laboratory Animal Science in Guangdong (Guangzhou, China). All of the animal experiments performed in this study were approved by the Animal Care Committee of the South China Agricultural University (Guangzhou, China). Eighteen 3-month-old mice (9 male and 9 female) and thirty-six 12-month-old mice (18 male and 18 female) were selected for thymus harvesting. The thymuses from each group were placed in cryopreservation tubes and immediately immersed in liquid nitrogen (−196°C) for preservation.
Treatment protocol
To understand the role of 17 β-estradiol (E2) for the female-biased miRNAs expression in mice thymus, 2-month-old female and male mice were ovariectomized or castration and randomly divided into three groups, five mice in each group. After 15 days, the first group mice were injected with E2 (2 µg/mice per day; Sigma, St Louis, USA), whereas the second group received comparable quantity of sesame oil which were used as control. For surgical stress control, sham-ovariectomized or castration was performed as above, but without removal of the ovary or testes in the female or male mice, respectively. These studies were also approved by the Animal Care Committee of the South China Agricultural University. After 1 week of treatment, mice were sacrificed using chloroform, and their thymic lobes were taken out for RNA extraction.
Cell culture and isolation of TECs
Murine TEC (MTEC1) line was obtained from Peking University Health Science Center (Beijing, China), and the cells were cultured in complete Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, USA) supplemented with 100 μg/ml streptomycin (Sigma-Aldrich, St Louis, USA) and 100 U/ml penicillin (SigmaAldrich) containing 10% fetal bovine serum (Gibco) in a humidified atmosphere containing 5% CO 2 at 37°C. TECs from 1-, 3-, 8-, and 13-month-old mice were isolated and purified according to previous method [8, 9] . Thymic tissues were harvested and transferred into complete DMEM (Gibco) for the isolation of TECs. In brief, thymic lobes were finely minced to release the majority of thymocytes. The remaining thymic tissue was further digested with 1.5 mg/ml collagenase D (Roche, Mannheim, Germany), 1.0 mg/ml DNase I (SigmaAldrich), and 1.25 mg/ml Dispase (Roche) at 37°C for 20 min with intermittent shaking. This step was repeated for three times. After complete digestion, the enriched TECs were obtained by passing through LS (columns for separation of magnetically labeled cells) magnetic columns (Miltenyi Biotech, Auburn, Germany). The isolated TECs were used for miRNA quantitative polymerase chain reaction (qPCR) assays to detect the expression of miR-2137.
Total RNA extraction
Total RNAs were extracted from the thymus tissues, MTEC1 cells, and TECs, respectively, using Trizol reagent (Takara, Kusatsu, Japan). Total RNA concentrations were measured using a NanoDrop ND-2000 fluorospectrometer (NanoDrop Technologies, Wilmington, USA). The purity and yield of the RNA were determined from the optical density at OD260 and OD280 nm (with OD260/OD280 ≥ 1.8). RNA samples with RNA integrity numbers (RINs) greater than 8.0 were used for microarray experiments with an average RIN of 8.5 for all samples.
μParaflo™ miRNA microarray assay and data analysis Microarray assay was performed by a service provider (LC Sciences, Houston, USA). The assay which started from 4 to 8 μg of total RNA sample were 3′-extended with a poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly(A) tail for later fluorescent dyestaining. Hybridization was performed overnight on a μParaflo microfluidic chip using a micro-circulation pump (Atactic Technologies, Houston, USA) [13, 14] . On the microfluidic chip, each detection probe consisted of a chemically modified nucleotide coding segment, which complementary to target miRNA (from miRBase, http,//www.mirbase.org/) or other RNA (control or customer defined sequences), and a spacer segment of polyethylene glycol to extend space between the coding segment and substrate. The detection probes were made by in situ synthesis using photogenerated reagent chemistry. The hybridization melting temperatures were balanced by chemical modifications of the detection probes. Hybridization was performed in 100 μl of 6 × SSPE buffer (0.90 M NaCl, 60 mM Na 2 HPO 4 , 6 mM EDTA, and pH 6.8) containing 25% formamide at 34°C. After RNA hybridization, tag-conjugated Cy3 dye was circulated through the microfluidic chip for dyestaining. Fluorescence images were collected using a laser scanner (GenePix 4000B, Molecular Device, Sunnyvale, USA) and digitized using Array-Pro image analysis software (Media Cybernetics, Silver Spring, USA). Data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (Locally weighted Regression) [15] . Age effects were determined independently for males and females. Groups were compared by analysis of variance (ANOVA) analysis, and P values were corrected using the false discovery rate (FDR) procedure. The differences were considered statistically significant when P < 0.05 and FDR < 5%. There were 77 miRNAs that were differentially expressed with different age or sex.
Quantitative real-time PCR
To validate the accuracy of the microarray data, a stem-loop SYBR Green II-based quantitative real-time (qRT)-PCR assay was performed to detect 19 differentially expressed miRNAs. The bulge-loop miRNA qRT-PCR primer sets (one reverse-transcription primer and a pair of quantitative PCR primers for each set) that were specific for the selected miRNAs (miR-186-5p, miR-181b-5p, miR-378d, miR-140-3p, miR-6965-3p, miR-378a-3p, miR-27b-3p, miR-106a-5p, miR-17-5p, miR-181c-5p, miR-150-5p, miR-20b-5p, miR-98b-5p, miR-329-3p, miR-341-5p, and miR-2137) were designed by RiboBio (Guangzhou, China). RT-PCR was performed using a Bio-Rad CFX96 Real-Time PCR system (Bio-Rad, Hercules, USA). The expression level of each miRNA relative to that of U6 RNA was calculated using the 2 −ΔΔCT method. The qRT-PCR experiments were performed in triplicate. A Pearson correlation coefficient (R) was calculated for each miRNA, comparing the qPCR data with microarray data.
Target prediction and signaling pathway analysis of the candidate miRNAs
The selected 25 miRNAs were further analyzed to predict their potential target gene, and two computational target prediction algorithms (TargetScan 5.0 and miRanda 3.3a) were used to identify miRNA binding sites. Finally, the data predicted by both algorithms were combined and the overlaps were calculated. The Gene Ontology terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of these differentially expressed miRNA targets were also annotated.
Statistical analysis
All experiments were performed in triplicate and repeated at least three times. All data were presented as the mean ± standard deviation (SD). The statistical analysis was performed by using Student's t-test to determine the significant differences using commercial software SPSS 17 (SPSS, Chicago, USA). A value of P < 0.05 was considered statistically significant.
Results
Changes in thymus tissues and thymus index in mice
Because the aging over the first year of life in mice is associated with an increase in the total body adiposity and the aged thymus consists of large areas of fat and connective tissue [16] [17] [18] [19] , miRNA analysis was performed specifically in 3-and 12-month-old mice in order to reduce the affect of adiposity on both thymus index (TI) and miRNAs expression in mice thymus. As shown in the Fig. 1A , the thymus showed remarkable atrophy in 12-month-old mice compared with that in 3-month-old mice. A similar trend was also observed in 3-and 12-month-old male mice as compared with that in 3-and 12-month-old female mice, respectively.
In order to further confirm the difference between the sex-and age-related thymus involution, the TI was calculated in different age-or sex-groups. As shown in Fig. 1B , the TI in the 3-and 12-month-old male mice was significantly lower than that derived from the 3-and 12-month-old female mice, respectively, indicating that the thymus atrophy is obvious in male mice. As expected, compared with that in the 3-month-old female and male mice, the TI was also significantly decreased in the 12-month-old female and male mice, respectively, indicating that thymus involution in the aged mice is obviously distinct from that in the young mice.
Differential expression of miRNAs associated with sex-and age-related thymus involution
In this study, 342 miRNAs were shown to be expressed in both sexes of the 3-and 12-month-old mice ( Fig. 2A) ,~54.7% overlap of the total 625 unique miRNAs present on the agilent mice microarray, suggesting a substantial role for miRNA regulation of gene expression within the thymus. In the sex-effect group, by comparing the miRNAs expression in the 3-and 12-month-old group mice using the t-test with FDR < 5%, the expressions of 18 miRNAs were found to be dysregulated in the 3-month-old female mice versus the male mice (Fig. 2B,F ) and the expressions of 10 miRNAs dysregulated in the 12-month-old female mice versus the male mice (Fig. 2C,F ). In the age-effect group, the expressions of 35 miRNAs were dysregulated in the 3-month-old female mice versus the 12-month-old female mice (Fig. 2D,F ) and the expressions of 24 miRNAs dysregulated in the 3-month-old male mice versus the 12-month-old male mice (Fig. 2E,F ). In addition, 10 miRNAs expression dysregulated both in the age-and sex-related groups. Therefore, a total of 77 miRNAs with significantly different expression were observed in the age-and sex-effect groups (Fig. 2G) .
Screening of age-and sex-associated miRNAs in mice thymus
In order to identify the true functions of miRNAs expression in the age-and sex-related thymus involution, these differentially Figure 1 . Age and sex-related changes in thymus tissues and TI in Balb/c mice (A) The thymus tissues that derived from the 3-and 12-month-old female (F) and male (M) mice. (B) TI was measured in different age and sex groups mice thymus according to the following formula, TI = [thymus weight (mg)/body weight (g)] × 100%. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 3m-F, 3-month female; 3m-M, 3-month male; 12m-M, 12-month male; 12m-F, 12-month female.
expressed miRNAs were further subject to screening by ANOVA with FDR < 5% and an additional requirement that the signal intensity was at least 500 (Supplementary Table S1 ). It was found that 7 and 18 miRNAs exhibited sex-and age-associated differential expression (Tables 1 and 2) , respectively.
Further analysis showed that five miRNAs exhibited femalebiased expression (female expression > male expression, Table 1 ) and two miRNAs exhibited male-biased expression (male expression > female expression, Table 1 ). The expression levels of miR-6965-3p showed the highest difference between sexes, with expression in male mice being~11-fold higher than that in female mice. MiR-181b-5p was another male-biased miRNAs, which showed a modest difference between sexes, with expression in male being~1.1-fold higher than that in female mice. Additionally, in all the female-biased miRNAs, some showed only a small difference between sexes, such as miR378a-3p (1.7-fold), miR-378d (1.5-fold), miR-186-5p (1.6-fold), miR-140-3p (1.7-fold), and miR-27b-3p (1.2-fold).
Moreover, in the age-effect group, as shown in Table 2 , there were 7 miRNAs that exhibited old age-biased expression (12-month expression > 3-month expression) and 11 miRNAs exhibited young age-biased expression (3-month expression > 12-month expression). MiR-329-3p showed the highest difference in the age-effect group, with expression in the 3-month-old mice being~61-fold higher than that in the 12-month-old mice. MiR-181c-5p also showed relatively big expression difference in the age-effect group, with expression in the 3-month-old mice thymus being~4.3-fold higher than that in the Figure 2 . Age-and sex-related miRNAs expression in mice thymus (A) The miRNAs expression in different age and sex groups mice thymus. (B-E) Heatmap for the sex-and age-related miRNAs expression in mice thymus, 28 and 59 differential miRNAs are sex-related (B,C) and age-associated (D,E) thymus involution, respectively. The upregulated miRNAs are shown in red color, whereas the downregulated miRNAs are shown in green color. Three biological replicates are presented. (F) The number of miRNAs was calculated for each group that exhibited sex-or age-difference (pairwise t-test, FDR < 5%) in mice thymus. (G) The total number of differentially expressed miRNAs were shown for age-effect (pairwise t-test and FDR < 5% between two age groups) and sex-effect (pairwise t-test and FDR < 5% between average female and male animals of each age group) miRNAs expression in mice thymus. (H) The 25 mature miRNA expression patterns in the groups of age-and sex-effect miRNAs expression (the data in every group represents the average of the three independent experiment; P < 0.05). Male-biased miRNAs expression was shown in a red outline in the group of female versus male miRNAs expression. Red represents upregulation of miRNAs expression and green represents downregulation of miRNAs expression in mice thymus. 3m (M vs F), 3-month (male versus female); 12m (M vs F) 12-month (male versus female); 3m-F vs 12m-F, 3-month female versus 12-month female; 3m-M vs 12m-M, 3-month male versus 12-month male.
12-month-old mice thymus. As shown in Fig. 2H , the levels of 18 age-associated miRNAs expression shows marked changes between the age differences, whereas, the levels of seven sex-associated miRNAs expression have a modest changes between the sex differences. Therefore, a total of 25 differentially expressed miRNAs were identified, by age or sex, in the mice thymus.
Real-time PCR validation of the miRNA expression profiles in mice thymus
To further confirm the expression profiles of miRNAs in mice thymus, qRT-PCR was used to validate the reliability of the microarray data. As shown in Fig. 3A , the results showed that the expressions of miR-17-5p, miR-181c-5p, miR-20b-5p, miR-98b-5p, and miR-329-3p were higher in the 3-month-old mice thymus when compared with those in the 12-month-old mice thymus. Significant age-different expressions of miR-181c-5p, miR-20b-5p, miR-98b-5p, and miR-329-3p were confirmed by qPCR in the young (3-month-old) mice thymus. Additionally, several miRNAs that showed old age-biased (12-monthold) expression in mice thymus, such as miR-150-5p, miR-140-3p, miR-341-5p, and miR-2137, exhibited higher expression in the 12-month-old mice thymus than those in the 3-month-old mice thymus. Significant age-different expressions of miR-341-5p and miR-2137 were confirmed by qPCR in the old mice thymus.
Furthermore, miRNAs in the sex-effect group were also selected for further validation by qPCR. As shown in Fig. 3B , the femalebiased miRNA expression is illustrated by the expressions of miR378a-3p, miR-378d, miR-186-5p, miR-140-3p, and miR-27b-3p in the 3-month-old mice thymus, and significant sex-different expressions of miR-140-3p, miR-378a-3p, and miR-27b-3p were confirmed by qPCR. However, differential expression of miR-6965-3p, which was a male-biased miRNA with the highest fold change between sexes, was not detected in the 12-month-old mice group, but the expression pattern was consistent with the microarray data. Although no statistically significance was observed, miR-181b-5p, a male-biased miRNA, also showed modest change in the 3-month-old male mice as compared with that in the 3-month-old female mice.
Moreover, the pearson correlation coefficients were calculated for sex-and age-associated miRNAs expression to further confirm the correlation between the microarray data and qPCR data. As shown in Fig. 4A ,B, the correlation coefficients (R) were calculated to be 0.89 and 0.86, respectively, for the sex-and age-effect groups miRNAs expressions, suggesting a good agreement between these two methods in measuring miRNAs expression.
High expression levels of miR-2137 in mice TECs
Due to the importance of TECs for modulating the involution in mice thymus, several miRNAs expression was measured in mice MTEC1 by qPCR ( Supplementary Fig. S1 ). Interestingly, miR-2137 was found to be highly expressed in mice TECs. As shown in Fig. 5A , dramatically high expression of miR-2137 was detected in MTEC1 cells, the expression level of miR-2137 was similar to that of U6 in MTEC1 cells, indicating that miR-2137 may play an important role in regulating MTEC1 cells function. In order to further confirm the results, miR-2137 was further detected in isolated The bold represents the significantly differentially expressed miRNAs that relates to the age-effect and is confirmed by qPCR. The bold represents the significantly differentially expressed miRNAs that relates to the sex-effect and is confirmed by qPCR.
TECs derived from 1-, 3-, 8-, and 13-month-old mice. As shown in Fig. 5B , the results showed that the expression of miR-2137 was gradually increased during the process of thymus aging and the significant age differences were observed between groups of 1-and 8-month-old mice (P < 0.05), and groups of 3-and 13-month-old mice (P < 0.05). This result indicates that miR-2137 may not only be an age-related miRNAs in mice thymus tissues, but also be an age-related miRNAs expressed in TECs. It may play crucial roles in regulating the age-related thymus involution.
Functional analysis of age-and sex-associated miRNAs expression
To further explore the functions of miRNAs that are dysregulated in mice thymus, targetscan and miRand were used to predict the potential targets of these miRNAs. Gene Ontology (ftp://ftp.ncbi.nih.gov/gene/ DATA/gene2go.gz) and KEGG analysis were used to determine their potential biological roles in mice thymus. As shown in Table 3 , in all the enrichment pathways which associated with age-effect group miRNAs expression, the top 10 pathways are the ras signaling pathway, insulin signaling pathway, PI3K-Akt signaling pathway, endometrial cancer, neurotrophin signaling pathway, pathways in cancer, Type II diabetes mellitus, Fc gamma R-mediated phagocytosis, acute myeloid leukemia, and mitogen-activated protein kinase (MAPK) signaling pathway. This result indicates that various pathways may be related to the age-associated miRNAs expression in mice thymus. Similarly, the sex-effect group miRNAs were selected based upon their differential expressions between both sexes at 3 and 12 months old. As shown in Table 4 , sex-effect group miRNAs were characterized by enrichment pathways associated with ras signaling pathway, Figure 3 . Age-and sex-related miRNAs expression confirmed by qPCR (A) The 12 age-related miRNAs expression in mice thymus were verified by qPCR. (B) The seven sex-related miRNAs expression in mice thymus were verified by qPCR. The data were normalized to the level of U6 in each sample and the qPCR data were presented as 2 −ΔΔCT . *P < 0.05, **P < 0.01, ***P < 0.001. 3m-M, 3-month male; 3m-F, 3-month female. Fc gamma R-mediated phagocytosis, pancreatic cancer, metabolic pathways, apoptosis, insulin signaling pathway, T-cell receptor signaling pathway, endometrial cancer, prostate cancer and alanine, aspartate, and glutamate metabolism. The most significantly different enrichment pathway was also the ras signaling pathway. Therefore, pathway analysis revealed that both the sex-and ageeffect groups miRNAs are involved in many kinds of pathway regulation. These pathways may be involved directly or indirectly in the age-and sex-related thymus involution.
Estrogen regulates miRNA expression in mice thymus in vivo
Steroid hormones directly or indirectly influence the transcription of miRNAs in tumors and normal cells [20] . We speculated that the female-biased miRNAs expression may be regulated by the estrogen function. In order to further confirm estrogen-affected female-biased miRNAs expression in mice thymus, the expressions of miR-140-3p, miR-27b-3p, and miR-378a-3p were further measured in mice thymus in vivo. As shown in Fig. 6A , in the female mice, the expression levels of both miR-27b-3p and miR-378a-3p were significantly upregulated in the E2 group as compared with the sesame oil control group, and a significant difference was also observed in the miR378a-3p expression between the E2 group and sham-ovariectomized group (P < 0.01). The level of miR-27b-3p also showed a modest upregulation in E2 group, although no significant difference was observed when compare with the sham-ovariectomized group. Meanwhile, in the male mice thymus, the expressions of both miR27b-3p and miR-378a-3p were all significantly increased in the E2 group as compared with those in the sham-castration group and sesame oil group (Fig. 6B) . No significant difference was observed in the expression of miR-140-3p in both female and male mice. 
Discussion
In this study, we demonstrated the age-and sex-related miRNAs expression in mice thymus during the process of thymus involution. First, we found that the age-related thymus involution is more obvious than the sex-related thymus involution in mice thymus. The results were also supported by measuring the TI in different age and sex groups in mice thymus. Then, microarray data showed that the number of dysregulated miRNAs with age-difference (59 miRNAs) was much higher than those with sex difference (28 miRNAs), which indicated that the age effects are more prevalent than sex effects for miRNAs expression during the process of thymus involution. Further analysis indicated that in the sex-effect group, 18 miRNAs were dysregulated in 3-month-old mice thymus group, which was more than that in 12-month-old mice group (10 miRNAs).
Our results are consistent with a previous study showing that striking sex difference in mice thymus involution occurs at the age of 3 months [3] . In the age-effect group miRNAs expression, 35 miRNAs were dysregulated in the male mice group as compared with the female mice group (24 miRNAs) [21] [22] [23] [24] . These results indicated that gender-biased thymus involution is associated with aging in mice thymus. Moreover, in the four groups of miRNAs expression, the femalebiased miRNAs were expressed predominantly in young mice thymus, and the young-biased miRNAs were mainly associated with cell proliferation. For example, miR-181c-5p regulates pediatric cancer stem cells proliferation [25] , miR-329 inhibits glioma cells proliferation [26] , and miR-20b-5p regulates cell apoptosis [27] . This indicates that the functions of these two groups of miRNAs are associated with regulating cell proliferation in mice thymus. The significantly decreased miRNAs expression in male and old mice thymus may be an evident proof supporting that upregulation of these miRNAs may decrease thymus involution. However, both the old-biased and male-biased miRNAs expressions are associated with diseases and immune functions, For example, miR-150-5p was dramatically decreased in myasthenia gravis-related patient serum after the thymus was removed [28] , and miR-181b-5p was involved in the balance of T cells in immune system [29, 30] . Given that increased incidence of diseases and cancers with thymus aging in the males Cytokine-cytokine receptor interaction 118 1.99E-02 Figure 6 . In vivo confirmation of estrogen-responsive miRNAs in mice thymus (A) The levels of miR-27b-3p, miR-140-3p, and miR-378a-3p were measured in female mice thymus by qPCR. (B) The expressions of miR-27b-3p, miR-140-3p, and miR-378a-3p were measured in male mice thymus by qPCR. The data were normalized to the level of U6 in each sample and the qPCR data were presented as 2 −ΔΔCT . *P < 0.05, **P < 0.01. [19, [31] [32] [33] , these miRNAs expression may be an important factor for regulating thymus involution in male and old mice. In order to further clarify miRNAs functions in mice thymus, we analyzed the regulated signaling pathways which involve the 18 agerelated miRNAs and 7 sex-related miRNAs in mice thymus. We found that several pathways are related to both the age-and sexeffect miRNAs, such as the ras signaling pathway, T-cell receptor signaling pathway, pathways in cancer, insulin signaling pathway, metabolic pathways, and apoptosis. These pathways may play important roles in regulating the age-and sex-related thymus involution. For example, the pathway interactions between the ras signaling and the T-cell receptor signaling are necessary for the T-cell development in mice thymus [19, [34] [35] [36] . Cell apoptosis in thymus is a crucial factor leading to functional deficits in adaptive immune responses [16] , which is also a key regulatory mechanism for regulating thymus involution. It has also been reported that insulin growth factor deficiency in mice thymus leads to increase in cell apoptosis, reduction in thymic function, and promotion of thymus involution in aging mice [37] [38] [39] . Some metabolic processes were demonstrated to control the energy levels within the cells and be directly linked to lymphocyte survival [19, [40] [41] [42] [43] . Given that the immune and metabolic systems are tightly coupled with each other via common receptor and ligand expression [16] , these results indicate that metabolic pathway is important for the function of cell development and survival in mice thymus. All the results indicate that these pathways may overlap in regulating age-and sex-related thymus involution and atrophy.
More importantly, we found that many of these overlapping pathways are associated with the thymocytes population, such as the ras signaling pathway, T-cell receptor signaling pathway, insulin signaling pathway, and the apoptosis pathway. We also found that, with the highest fold change of miRNA expression, miR-329-3p was mainly expressed in the thymocytes (Data not shown). Because the thymocyte-mediated thymic involution results in double positive thymocytes death, creating a shrunken thymus and blocking thymocyte differentiation in the aging process [44, 45] , we speculated that these pathways could modulate the thymus involution through controlling the thymocytes development and function to further modulate the thymus involution. In addition, it is worthy to note that some pathways are regulated just by the age-or sex-associated miRNAs in mice thymus, such as the MAPK signaling pathway, PI3K-Akt signaling pathway, adipocytokine signaling pathway, and Type II diabetes mellitus which are enriched in the age-related miRNAs expression. The estrogen signaling pathway and the cytokine-cytokine receptor interaction pathway are found in the sex-related miRNAs expression. This indicated that these unique pathways may play specific roles in regulating the age-or sex-related thymus involution.
The thymus involution involves TECs-and thymocytes-mediated thymus involution in mice thymus [44] . Loss of TECs with age is associated with concomitant increase in fibroblasts [46] [47] [48] via the process of epithelial-mesenchymal transition in mice thymus [49] . Considering that the fibroblast can be readily further induced to develop into adipocytes during the thymus involution [16] , thymic adiposity is a key feature of age-related thymic involution [50, 51] . In this study, qPCR results showed that miR-2137 was over-expressed in TECs and gradually increased during the process of thymus aging, indicating that miR-2137 may be involved in thymus involution through regulating the TECs function. The upregulation of miR-2137 in old mice thymus may be associated with the reduction in TECs proliferation and increase in the proliferation of fibroblasts and adipocytes in mice thymus. It has been shown that physiological stresses in mice thymus are associated with the thymocytes-mediated thymus involution [44] , which plays crucial roles in thymus development and immune response [52] [53] [54] [55] [56] [57] [58] . Previous studies have indicated that the stress responsive miR-150 is upregulated and the expression of miR-17-92 (miR-17, miR20a, miR-20b, and miR-106a) cluster is downregulated in mice thymus when treated with lipopolysaccharide for 6 and 72 h [52, 59] . In this study, we showed that the expression of miR-150-5p was also upregulated and the miR-17-92 cluster miRNAs were also downregulated in 12-month-old mice thymus as compared with that in the 3-month-old mice thymus, indicating that these age-related miRNAs expression in mice thymus is associated with the stress response. These data indicated that TECs-and stresses-related miRNAs expression in mice thymus may play an important role in regulating the age-related thymus involution.
Age-related thymic involution is often described as being sex hormone-dependent. Both the androgens and estrogens in males and females have been directly link to thymic involution [22] . It has been reported that the estrogen signaling and epigenetic regulations are two crucial regulatory mechanisms for thymus development, which are essential for maintaining cell and tissue homeostasis in mice thymus [20] . In this study, we found that the sex-related miRNAs expression in mice thymus may be estrogen-responsive. For example, ERα-mediated estrogen signaling regulated the expression of miR-140 and miR-181b in breast tumor cells [60, 61] . ERβ regulated the expression of miR-27b in hormone-responsive breast cancer [62] . MiR-186 was shown to be the target of the estrogen receptor in breast cancer cells [63] . MiR-378a-3p expression in breast cancer Michigan Cancer Foundation-7 (MCF-7) cells is associated with tamoxifen sensitivity [64] . Our in vivo experiment also indicated that both miR-27b-3p and miR-378a-3p are estrogen-responsive miRNAs in mice thymus, which may be used as biomarkers for the study of sex-related thymus involution.
In summary, we demonstrate that the age-and sex-different involution in mice thymus has a significant effect on the miRNAs expression. These specific miRNAs expression may be useful biomarkers for the study of sex-and age-related involution in mice thymus. Because whole thymus were collected in this study, it is not easy to assign the expressions of these miRNAs to a specific cell type, such as the thymocytes, mTECs, and cTECs. Our further studies will focus on identifying the miRNAs that are differentially expressed in specific thymus cell types, which will help to further understand their functions in regulating the thymus involution.
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